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T4 CORDITION OF HIGH-VELGCITY DUCTILE FRACTURS
l. Jlnstic-elastic ingtntility.
T. Y. George (1) ohuserved come tima ago that a large shest of

thin aluminum foll, provided at its center with a knife-cut crack,
buret under tennile load with a suddenness usually associsted with
brittle fracture. Although gonulne cleavage fracturs has never
been observed in aluminrum, and the tengile fracture of the aluminim
foll was of the comnon ductile type preceded by necking, the phenom-
snon observed by Irwin and George hag much in commea with brittle
fractures, Whan nscking starta, plastic deformation ceases elsc-
whore in the foil; the deformatlion in the rneck is confined to a
narrovw strip, the width of which 1s of the order of the foll thick-
nees. When tha crack etarts to proprgate along the neck from the
ends of the initial ¥nife-cut gash outwards, practically all of the
vork roquired for extending it ia plastic work concentrated in a
nnrrow belt adjacent to the outlines of the crack; Fig. 1 shows by
shading the plasticnlly distorted zones of necking which later be-
come the outlines of the propagating crack. Since the width of the
distorted zone 18 amnll eompared with the length of the crnck, the '
plastic work per unit length of the crack outlines can be treated
bn the same baasis &6 the nurface anergy of the crack walls in the
Oriffith theory: an exnctly corresponding trsatment for thoe btrittle
fracture of ductile steels huo bo;n 2iven by the present writur (2).
Consaquent iy, the fracture of a thin dnetila fuil can be trontaed by
means of the Griffith enerpgy criterion, although the fracture arch-

aniam 19 essentinlly duntile.
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Fig. |

Wnile the case of *the

aluminum foil reprosents an

eszentially brittle fracture

with a narrow zona of plastic

deformation playing the role

of the surface anergy in the

Griffith thaory, instances of

oessentially ductile fractures

progresging with high velocity

are also quite common. Tensile

teste on ductile metals usually

end with a sharp bang due to

acceleration to high speed

the alasticity of the testing

machine,

If the specimen 1s

very long, its own elasticity can produce the sama effect.

The fact that the elasticity cf the snecimen can caude high=

velocity crack propagntinn aven if thea fracture mechanism is basically

ductile has led to the oygmestion

rovorned by the Griffitn energy criterion of fracture

(3)

that such procesees womld be

(4)

y nccording

to which fracture occurs when the work dW required for extending the

length ¢ of the crack by a small amount de is juat covered by the

accompany ing relsase -dU of the elastir enerpgy U stored in the specimen:

(1)

This foram of tns Griffith principle appline to the case whora

the process of extensinn of the crack by dec takes place while the
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epacinen 1s held between rigidiy fixed grips. For the treatment of
the cnse where the crack propagaticn is assumed to occur at constant
loud, nnd for a genernl discussion of the Criffith criterion see

refercnce (5).

(5)

On the other hond, it can be demonatrated that the Griffith
criterion ia applicable only to essentially brittle fractures, i.e.,
to fracvures where plaantic deformation is either absent, or:confined
to a tnin layer at the walls (in a foil, the outlines) of ths crack
while the bulk of the speciman is purely elastic. This ¢nAn be recog-
nizod already from the circumstance that a typical ductile fracture,
such as the cup-and~cone or the shnar type fracture of a ductile
metal, progresses by plactic deformation practically uninfluenced

by the valums of the elastic moduli. It would take place in the
same way if the modulil were infinitely high; in this case, however,
the right hand side of eq. (1) would vanish, and the equation could
not de satisfied.

Since the energy criterion eq. (1) cannot be appliaed to
essentially ductile fractures, the question afines, what 18 the
condition for the solf-acceleration of a ductile fracture by the
releass of aiastic enargy in the specimen or in structures connectod
in sories with 1t, such as a testing machine?

Let Fig. 2 represent a long tensile specimen in which nrt
the point €, a ductile crack, or n neck leading to cup-nnd-cone
fracture, develops. Pig. 3 givss cchematlically the load vs. plastic
extansion curve of the specimen: 1its abacticsa is the incrence of
the “nntural length", i.e., of the length measured after romoving

the load ani' with it the elastic cxtonsinn., Initially, the lond
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increases; noweve:r, when necking starte,

' //1;254 or wnen the crack has progressed to a

e s oul

certain depth, a load maximum (the "ultimate
stross") 1§'rcnched. and then the load
drops with further extension. The max-
imum of the curve is a point of "plastic
instability", beyond which the load re-
quired fcr plastic deformation decreases.
In addition to the plastic ex-

tension, the specimen also suffers elautiq
____(; extension. The former is localized around
the nock of the crack; to the lattsr, all

parts of the specimen contribute. In the

F'o 2 " caces whon rapid fracture driven by the

Lood

release of elastic energy is likely to be

Fracture

Extengion «x

Fig. 3
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roticanble the sceciwen is very long, s that the elastic extension
of the vlastically deformlng region 1 is negligidble compared with
that cf the nurely elastic region 11; this means that the spring
constant of the specimen is identicnl with that of the elastic
portican Il and therefore remains practicﬁlly conztant during the
propagation of the crack or the contraction of the nack. The
elastic extersion ie then proportioﬁal to the lond. Suppose now
that the specimen ic extended to ths point F and then the grips are
held rigidly fixed, so that any further plastic extensicn of I has
to take pince at the cost of un equal dscrease of the elastic ex-

tension in II. 1In tha course of tihls processs, the ztress must drop

according to the elastic relationship,
dF = -~C-.dx R (2)

where dF is the change of the load, C the spring coustant, and dx

the incrense of the plnstic axtenaion in region I, so that -dx is

the change of the elastic e=tension of region Il. In Fig. 3, the
dashed line through P represants the elastic relearve of load that
accompanies a virtuel plastic extension of the specimen tetween

fixed grips. With the assumed valus of C; the load would drop more
rapidly than the force required for further plaztic yilelding, so

that the condition is stable and no plastic extension can take place
unless the grips are moved apart. However, with further extension.

the point P, moviné along the plastic curve, arrives at the position.Q
where tha slastilic icad releass line is a tangent to the curve. At Q,

the condition of the gpecimen becomes unstable; any further axtensicn
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leads to a ;oint R at which the yleld load drops mors rapidiy with
further plastic extension than the load avallable after elastic re-
lease. Beyond Q, thsrefore, the specimen is unatable and fractures
with high velocity under its cwn elastic tunaion. The point Q marks
the bezinning of the "plastic~elastic instability"; plastic in-
stability, defined by the drop of the yield load, -starte already at

M. The longer the specima:, the lower the value of the spring constant
C, and thue the slope of the elastic load release line. With decreas-
ing C, therefore, the point of plastic-elastic instability Q moves
towards that of plastic instability M; in the 1imiting case of an
infinitely long specimen (or of infinitely high "elastic compliance®
1/C of the spring connected in series with the spoéimen). the two
pointe coincide.

The point of plastic-elastic instability is of importance in
testing: If a teating machine is not "hard" enough, elastic in-
stadbility occurs soon after the load maximum, and the load-extension
curve cannot be followed much beyond.thia point. Weight-loading
and hydraulic machines, of course, have a tendency to "run away"
already &t the load maximum; however, if the machine is otherwise
rigid enough, the descending branch of the load-extension curve can
be followsd at least approximaiely by the use of stops for inter-

rupting the axtension.

2. The analytic ggggjﬁ1on_qgvglggtig;c1nltig instability.
The geometrical conc!tion of instability explained in Fig. 3 . /

can he transiated into an analytic form. Let dW be the plastic work

Yy

of erasck propagntion or neck contraction during an inecrement dax

C
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the plnstic extension; if the yield force ia F,

dw = F.dx
or
aw

Consider now the purely olastic part 11 of the spocimen (Fig. 3);
for simplicity, lst it Le assumed that all bdut an insignificant
fraction of the elastic energy is contained in it. Since the espec-
imen is batween fixed grips, the extension dx of the plastic part I

cauges contraction of the elartic part by -dx. If 3 18 the tensile

force in the eslastic part and U tho elastic energy,

dU = -0-dx
or
-du

If the specimen igs in equilibrium, F = G and no

aw - -4y

ax | dx (8)
or

dW = -dU (6a)

This ies formally identical with the Griffith energy principle

of brittle crack propagation eq. (1): but the meaning of eq. (5a)

is entirely different. It is merely an expressicn of Nowton'e third

principle, starting equality of the forces acting upon the elastic
and plastic parts of the cpecimen; it is satisfied identically from
the beginning of ths plastic crack propagation (or necking) to the

peint of plastic.elastic inutability.
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The tangent criterion of instability requirec tnat the

derivatives of the yleld force F and of the elastic tension G

witn raspect to the extoasion x must be equal, the differantiation
being carried out at constant specimen length. With the values

given by mar. (3) and (4), tha expression of the tangsnt criterion

is

"
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(6)

It is seoen that the criteria of repid brittle fracture and of
rapid ductile fracturs, eqs. (1) and. (6), rospectively, are funda-
mentally different; the Griffith principle eq. (1) does not govern
high-velocity ductile fracture.

There ie a significant practicnl difference between the two
enorgy criteria of eqs. (1) and (6). Applied to bdbrittle fracturae,
the Griffith criterion aq. (1) leads to an exprension for the tonsile
strengtn of ; body containing a crack of given length. On the other
hand, tha tensile force required for ductile fracture cannot be obw
tainea from the critericn eq. (6) of plnstic-slastic instability.

The ductile breaking force is always the maximum of the load-extension
curve, whether or nnt plastic-elastic inctndbility with rapid fracture
occurs., It haps to be fed into the criterion, instead of boing ob-
tained as the force naeded for producing the particular type of
plastic deformation which ultimataly results in crack propagation

and fracture.

S. Sumsary.
The Griffith enargy criterion
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dv = -4u
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{dW = crack propagation worl., -dU = relensed elastic energy) cannot
be applied to essentially ductile fractures. In particular, it
does not represent the condition of rapid ductile fracture pro-
pelled by the elastic energy of the specimen. The condition of
such fractures 1is

i S

dx2 dx<
where x 48 the plastic extensicn accompanying the propagation of

the crack.

This papetr represents an expanded version of remarks that
wore stimulated by the work done under Office of Raval Research
Contract No. N5ori-07870 and contridbuted to the Conference on Brittle
Fracture Mechanics held at the HMassachuse’ts Institute of Technology
on October 15 and 16, 1953, under the auspices of the Committes on
Ship Structural Design, advisory to the Ship Structure Committee,

National Research Council.

Reforences.

1. Goorge Irwin, Trans. ASM, Vol. 4CA, p. 147, (1%48),

3. E. Orowan, Report on Progr. in Phys., Vol 12, p. 214; Symposium
on "Fatigus and Fracture of Metnls", New York, John Wiley and
Sons, p. 139, (1950).

&. G. R. Irwin and J. A. Kies, The Welding Journal Ree. Suppl,,
Vol. 17, p. 958, (1952). (See alco Ref. 1).

4, A. A. Oriffith, Phil. Trans. Roy. Soc., Vol. A221, p. 163, (1920).

5. E. Orownn, "Enargy Criterie of Fracture", Techniecal Report No. 3,
Office of Naval Research N50ri-07870, (July 1954).

S pe P y—

-

" - = . - s e s
e

Yo



- 10 -

DISTRIBUTION LIST

Chief of Naval Resecrch
Department of the Navy
Washington 25, D. C.

Attn: Code 423 (2)

Director

Office of Naval Research
Branch Office

150 Causoway Street

Boston, Massachusetts {2)

Director

Office of Naval Research
Branch Office

346 Broadway

New York 13, New York

Direotor

Offics of Naval Reseairch
Branch Office

844 North Rush Street
Chicago 11, Illincis

Director

Offica of Naval Research
Branch Office

1000 Geary Street

Sen Francisco 9, Californin

Drector

Office of Naval Research
Branch Office

1030 E. Green Street
Pasadena 1, California

Contracy Administirator, SE Area
Room 13, Staughton Hall

¢/o George Washington Univsrasity
707 « 32nd Street, N. W,
Washington 6, D. C.

Attn: Mr "R, P, lyach

Director
¥aval Resoarch Laboratory
Waghington 25, D. C.

Attn: Tech. Information Officer.

(9)

Aggsistant Naval Attache for Research
Office of Naval Research

Branch Office

Navy 100

c/o Fleet Fnet Office

New York, New Y.rk

Director

Naval Research laboratory

Washington 25, D. C.

Attn: Code 3500, Mstallurgy Div. (1)
Code 2020, Tech. Lidrary (1)

Bureau of Aeronautics

Department of the Navy

Washington 25, D. C.

Attn: N. E, Promisel, AE-41 (3
Technical Lidrary, TD-41 (1

Commanding Officer

Naval Air Materiel Center

Naval Base Station

Philadelphia, Pennsylvania

Attn: Aeronautical Materialse Lab.

Bursau of Ordnance

Department of the Navy

Washington 235, D. C.

Attn: Rex (3)
Technical Lidrary, AdZ (1)

Superintendent, Naval Gun Factory
Washington 26, D. C. ‘
Attn: Metallurgicrl Labd., DE7L3

Commanding Officer
U. S. Naval Ordnance Laboratory
White Oaks, Maryland

Commanding Officer '
U. §. Naval Ordnance Test Station
Inyokorn, California

US Naval Engr.Exp. Station
Annapolis, Maryland
Attu: Metals Laboratory

e oo hid

PP

PRI S5 DIPTSR SR e

Sy SR s



Bureau of Ships
Tepnriment of tre llavy

“nenington 25, D. C.

Attn: Code 343 (3)
Code 327L Tech. Library (1)
Diractor

‘aterinis Laboratory
Building 291

liew York Naval Shipyard
Brooklyn 1, New York
Attn: Code 9Q7

Burenu of Yards and Docks
Department of the Navy
Washington 25, D. C.
Attn: Res. and 3%a. Div.

Pcst Graduate School
U. S. Naval Academy
Annapolia, Maryland
Attn: Dapt. of Matallurgy

Chief of Staff, USA

Tne Pentagon

Washington 25, D. C.

Attn: Dir. of Res. & Dev,

Office of the Chief of Ordnarze

Rer. and Dev. Service

Laepartment of the Army

Washington 25, D. C.

Attn: ORDTB (3)

Communding Officer
Watertown Arsenal
Watertown, Massachusetts
Attn: Laboratory Division

Commanding Officer
Frankford Arssnal
Frankford, Pa.

Attn: Laboratory DUivision

Offiecs of the Chief of Enginesrs
Department of the Army
Washington 25, U. C.

Attn: Res. and Dev. Branch

U. S. Alr Forcas

Reg., ani Dev. Division
Tae Pentagon
Washington 25, D. C.

Wrignt ..ir Davelopment Center |

Wright-Fatterson Air Force Base .
Dayton, QOhio
Attn: Materials Laboratory (1)

Flignt Research Lab. (1) i

Commanding Officer

Office of Ordnance lmsearch
Tluke University

Durham, North Carolina
Attn: Metanllurgy Division

"Atomic Enorgy CGemmi=aton

Division of Rei.rre:
Metnllurgics? Branch
Washington 25, «. C.

lational Bureau of Standards
Washington 25, D. C.
Attn: Physical Metallurgy Div.

YNational Advisory Committcs for Aer-.
1724 F Street, N. W,
Wasuington 25, D. C.

Resaurch and Development Boenrd
The Pentason

Vasanington 25, D. C.

Attn: N. C. Fick

Argonne s _-nel laharatory
P. 0. Box «&J). Thicago 80, Ili.
Avtn: Dr. Hoy.. ude D. Young

U. S. Atomic Erergy Commissio..
1901 Constitution Avenue, N. V.
Yashington 25, . C,

Attn: B, M. Fry

Brookhaven National l:nhoratory
Information and Publication Division
Tiocurnants Section

Upton, New York

Attn:

Mise Mary K. Waisman




M i—— e

Grrtide & Cnrton Crenicals Divisisn

-~

e ntral Peports and Informntion
Office (Y-12)

b 0, Box P

On k Ridge, Tennessae

¢ neral “lectric Company

Te chnicnl Services Division
T: echnical Information Group
P, 0. Box 100

Rl chland, ashington

Al tn:  Miss M. G. Freidank

ic-wa State Collage

F. 0. Box 14A, Station A
Ames, Iowa

At tnt Dr. F. H. Spedding

Kmolls Atomic Power Laboratory
P. 0. Box 1072

Se-honactady, New York

Al tn: Document Librarian

Lws Alamos Sclentific laboratory
P. 0. Box 1663

Les Alamoe, New Moxico

At.tn: Document Custodinn

Meund Laboratory

U, 8. Atemic Energy Commisesion
P. 0. Box 22

M_amisburg, Ohio

Aletn: Dr. M. M. Haring

U. S. Atomic Fnergy Commisvion

Nww York Operations Office

P, 0. Box 30, Ansonia Stavion

New York 23, New York

At.tn: Div. of Tech. Information
& Declagsification Servics

Omk Ridge National Laboratory
F. 0. Box P

Omk Ridge, Tennessese

Atn: Central Files

Smndia Corporation

Smndia Bnse

(l.nssitied Document Division
Al.buquerque, New Mexico
A=ta: Mr. Dale M. Fvans

U. 3. Atomic bnergy Commission

Lidbrary Branch, Technical
Information Service, ORXE

P. 0. Box E

Oak Ridge, Tennessee

Carbide and Carbon Chem. Div,
Plant Records Department
Central Files (¥K-25)

Post Office Box P

Cak Ridge, Tennessce

T W ek
s L Ry v

et Mt it M- B e Ty

(/4]

.

v Pol o
Vol
mﬂk e



pob ke ~-~

e » ; |

nrormation ngncy

i {irmed ervices echnicai

Because cf our limited supply, you are requested to return this copy WHEN IT HAS SERVED
YOUR PURPGSE so that it may be made available to other requesters. Your cooperation
will be appreciated.

NOTICE: WHEN GOVERNMENT OR OTHER DRAWINGS, SPECIFICATICNS OR OTHER DATA
ARE USED FOR ANY PURPOSE OTHER THAN IN CONNECTION WITH A DEFINITELY RELATED
GOVERNMENT PROCUREMENT OPERATION, THE U. S. GCVERNMENT THEREBY INCURS
‘ NO RESPONSIBILITY, NOR ANY OBLIGATION WHATSOEVER; AND THE FACT THAT THE
8’ | GOVERNMENT MAY HAVE FORMULATED, FURNISHED, OR IN ANY WAY SUPPLIED TIIE
4 SAID DRAWINGS, SPECIFICATIONS, OR OTHER DATA IS NOT TO BE REGARDED BY

£ IMPLICATION OR OTHERWISE AS IN ANY MANNER LICENSING THE HOLDER OR ANY OTHER
“| PERSON OR CORPORATION, OR CONVEYING ANY RIGHTS OR PERMISSION TO MANUFACTURE,
UGE OR SELL ANY PATEN’I‘ED INVENTION THAT MAY IN ANY WA.Y BE RELATED THERETO.

Repsoduced by

DOCUMENT SERVICE CENTER
KNOTT BUILDING, DAYTOR, 2, 0H10

-



	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018

